Rhythmic motor outputs such as locomotion, respiration, and mastication are, in their simplest forms, highly stereotyped motor behaviors. In fish and tadpoles, locomotion primarily consists of repetitive lateral bending movements of the axis, which are produced by waves of contraction and relaxation that propagate rostrocaudally along the body axis. In contrast, terrestrial vertebrates propel themselves by flexing and extending their limbs. This more complex mode of locomotion requires extensive coordination between the forelimbs and hindlimbs on each side of the animal and between individual limb joints. The additional demands of land-based locomotion appear to have driven the evolutionary elaboration of the spinal motor circuitry in terrestrial vertebrates, both in terms of numbers and types of neurons, as well as sensory and supraspinal connectivity. In higher vertebrates, the spinal locomotor system has thus evolved into a highly dynamic network that produces a varied and flexible array of motor outputs in response to sensory feedback pathways and descending influences from rubrospinal, reticulospinal, vestibulospinal, and corticospinal pathways.
Rhythmic motor circuits in the hindbrain and spinal cord
The core neuronal networks that control rhythmic respiratory and locomotor motor behaviors reside in the hindbrain and spinal cord, respectively. These CPG networks generate simple organized motor rhythms in an autonomous manner. Initial efforts to decipher the general organization of these simple motor CPGs in vertebrates relied heavily on electrophysiological and pharmacological approaches. Such efforts were greatly aided by the development of in vitro hindbrain-spinal cord preparations in neonatal rodents (Kudo and Yamada, 1987; Smith and Feldman, 1987) . In addition to enabling investigators to localize two rhythmic CPGs in the medulla that drive respiratory movements, the pre-Bötzinger complex and parafacial respiratory group (Onimaru and Homma, 1987; Smith et al., 1991; this book) , this in vitro preparation has been used to map the hindlimb locomotor CPG. For instance, serially sectioning the lumbar spinal cord, both rostrocaudally and dorsoventrally, has defined the minimal area needed to generate a locomotor rhythm. The area that is circumscribed encompasses laminae VII, VIII, and X of the lumbar cord, with lumbar segments L1-L2 being particularly important for rhythm generation (Bracci et al., 1996; Cazalets et al., 1995; Kjaerulff and Kiehn, 1996) . Forelimb movements are likewise controlled by networks distributed in the cervical spinal cord (Ballion et al., 2001) . Further insights into the organization of the spinal locomotor CPG network have come from in vitro pharmacological studies. From these studies, it appears that locomotor rhythmogenesis is primarily reliant on glutamatergic ipsilateral neurons (Bracci et al., 1996; Kjaerulff and Kiehn, 1997) , whereas the alternating patterns of flexor-extensor and left-right activities are secured by GABAergic and glycinergic pathways (Bracci et al., 1996; Kiehn, 1996, 1997) .
Over the past few years, efforts to delineate the genetic programs that pattern the caudal neuroaxis have provided new avenues for probing the composition of these CPG networks. An important thematic that has emerged has been the role that genetically driven developmental programs play in directing neuronal specification and differentiation in the hindbrain and spinal cord. Significant progress has been made in understanding how such developmental programs determine neuronal identity and how neurons are wired together into functional motor circuits. These studies suggest commonalities in the cellular composition of CPG networks in the hindbrain and spinal cord, in so far that these circuits are built from interneuron cell types that share a similar embryonic heritage. In this review, we will focus on genetic approaches used in mice to identify cells that are components of motor networks and assess their contribution to rhythmic motor behaviors, with an emphasis on locomotion.
The developmental program of the caudal neuroaxis
The developmental events that pattern the caudal neural tube play a central role in assembling sensorimotor circuits in the hindbrain and spinal cord (Goulding, 2009; Jessell, 2000) . The position that a progenitor cell occupies along the dorsoventral (DV) axis confers a specific genetic code to these cells and thus serves as a major determinant of cell identity (Fig. 1a) . This DV patterning program segregates newborn neurons into generic populations that are arrayed as longitudinal columns along the antero-posterior axis of the hindbrain and spinal cord. As development proceeds, neurons within these columns migrate Fig. 1 . Genetic classification, properties, and organization of spinal neurons. (a) Schematic cross-section through the early embryonic mouse spinal cord. Eleven progenitor domains (pd1-pV3) have been identified in the ventricular zone that give rise to distinct postmitotic neuronal populations (dI1-V3). Selected transcription factors expressed within the progenitor domains are shown on the left and those specific to postmitotic populations of neurons born around embryonic day E11 are depicted on the right. Postmitotic neurons that contribute to the locomotor CPG machinery are shown in color, whereas neurons implicated in sensory pathways are shown in gray. (b) Summary of molecular factors as well as cellular and physiological properties that characterize each locomotor neuronal class. (c) Schematic of the motor circuitry in the postnatal ventral spinal cord. The color code used is the same as in (a). The locations of neuron classes and their known subsets, as well as some known connections between these classes, are illustrated. p, progenitor domain. (For interpretation of the references to color in this figure, the reader is referred to the Web version of this chapter.) 21 extensively to form the different laminae seen in the adult cord. Many premotor commissural interneuron cell types, for example, migrate from the intermediate zone to lamina VIII, while ventral interneurons that project ipsilaterally migrate laterally to lamina VII (Fig. 1c) . Interestingly, the early DV organization of postmitotic neurons appears to be conserved across widely divergent vertebrate phyla from fish to mammals and it represents the developmental ground plan from which different CPG modules in the spinal cord and hindbrain emerge (Goulding, 2009; Grillner and Jessell, 2009 ).
The molecular programs that control the acquisition of DV positional identity have been explored in some detail. In short, the graded activity of several signaling molecules, sonic hedgehog (Shh) and TGF-like bone morphogenic proteins (BMPs), retinoic acid (RA), and Wnts, initiate and orchestrate the DV patterning of dividing progenitors (Chiang et al., 1996; Liem et al., 1997; Timmer et al., 2002 and reviewed in Jessell, 2000) in part by establishing dorsoventrally restricted domains of patterning factors, including the Pax3/7, Pax6, Nkx6-1, and Nkx2-2 transcription factors, within the ventricular zone of the neural tube. These patterning factors function instructively in a combinatorial manner to subdivide the neural tube into 11 progenitor zones (Goulding, 2009) . As noted previously, this developmental program operates in all vertebrate embryos to activate the expression of unique sets of homeodomain (HD) and basic helix-loop-helix (bHLH) transcription factors in the postmitotic neurons that arise from these 11 progenitor domains (Goulding, 2009; Fig. 1a) .
Six classes of early born interneurons, the dI1-dI6 interneurons, are generated in the dorsal alar plate. Two additional late born populations of dorsal neurons have been identified that are prevalent in birds and mammals, the dIL A and dIL B (Gross et al., 2002; Mizuguchi et al., 2006; Muller et al., 2002; Wildner et al., 2006) . These cells are similar in molecular composition to dI4 and dI5 interneurons, and it is suspected that they represent an evolutionary expansion of the early born dI4 and dI5 populations in terrestrial vertebrates (Gross et al., 2002; Mizuguchi et al., 2006; Muller et al., 2002; Wildner et al., 2006) . Although the majority of dorsal cell types differentiate as sensory interneurons and sensory-relay neurons, some appear to make cellular contributions to the locomotor CPG machinery. However, most of the cell types within the locomotor CPG are derived from six generic neuronal classes that develop from basal plate progenitors: motoneurons and V0, V1, V2a, V2b, and V3 interneurons (Goulding, 2009; Jessell, 2000) . Derivatives of these ventral classes of interneurons settle in regions of the spinal cord that are known to contain locomotor CPG networks in quadrupedal mammals (Goulding, 2009; Kiehn, 2006) . Postmitotic populations of V0, V1, V2a, V2b, and V3 interneurons are marked by the expression of the transcription factors Evx1/2, En1, Chx10, Gata2/3, and Sim1, respectively (Al-Mosawie et al., 2007; Croneet al., 2008; Karunaratne et al., 2002; Kimura et al., 2006; Lundfald et al., 2007; Moran-Rivard et al., 2001; Peng et al., 2007; Saueressig et al., 1999; Zhang et al., 2008; reviewed in Goulding, 2009; Jessell, 2000; Fig. 1a and b) . dI6 neurons that arise more dorsally express Lbx1, Pax2, and Lhx1 and settle in lamina VIII (Gross et al., 2002; Muller et al., 2002) . These cells are also thought to contribute to the premotor circuitry (Fig. 1c) . The hindbrain displays a similar DV organization of early neuronal cell populations. Of the 14 progenitor domains described in the hindbrain, 10 are equivalent to the spinal progenitor domains and they generate cell types that share many features with their spinal cord counterparts (Gray, 2008) . Antero-posterior differentiation events that are orchestrated by the homeobox class of HD transcription factors are of primary importance for the development of hindbrain nuclei that arise from the same embryonic population. Embedded in these nuclei are circuits that control vital autonomic functions such as respiration, as well as mastication, audition, and the supraspinal control of locomotion (Dubreuil et al., 2009; 22 Fujiyama et al., 2009; Pagliardini et al., 2008; Storm et al., 2009 ). In the next section, we will summarize what is currently known about the early development of the spinal motor circuitry.
Generating ventral interneurons: instructive role of progenitor domain-specific transcription factors
As noted previously, each of the early DV progenitor domains expresses a unique combination of transcription factors that play an instructive role in generating V0, V1, V2a, V2b, and V3 interneurons (Fig. 1) . Changes in the expression of these factors within each progenitor domain lead to major specification defects in their neuronal progeny. For instance, the HD transcription factor Dbx1 is an essential factor for the specification of V0 interneurons. In Dbx1 mutant mice, neural progenitors that normally give rise to V0 interneurons are respecified to produce V1 and dI6 interneurons (Lanuza et al., 2004; Pierani et al., 2001 ). Ablation of Nkx6-2, a homeobox transcription factor specific to the V1 progenitor domain, reportedly increases V0 interneuron numbers at the expense of V1 interneurons (Vallstedt et al., 2001) . Further ventrally, Nkx2-2 regulates V3 progenitor identity. In Nkx2-2 mutants, these cells undergo a ventral-to-dorsal transformation in fate, thereby generating motoneurons at the expense of V3 interneurons (Briscoe et al., 1999) . These findings support the idea that transcription factors present in adjacent progenitor domains suppress the differentiation programs that operate in the progenitor domains they abut. They do so by cross-repressive interactions that position the boundaries between adjacent domains. Consequently, loss of one factor often results in the expansion of an adjacent progenitor domain and the cell types that arise from that domain. Other transcription factors are expressed in more than one progenitor domain, where they are required for the generation of several neuron classes. Nkx6-1 has been shown to be important for the generation of both V2 interneurons and motoneurons (Sander et al., 2000) . Inactivation of Pax6, in addition to causing a loss of V1 interneurons, also alters the generation of branchiomotoneurons in the hindbrain (Burrill et al., 1997; Ericson et al., 1997; Sapir et al., 2004) .
The presence of several transcription factors within each progenitor domain allows further subspecification of domains characterized by the expression of Nkx6-1 or Pax6. The V2 progenitor domain, for example, is defined by coexpression of the forkhead transcription factor Foxn4 and the bHLH transcription factor Ascl1. Interestingly, the V2 progenitor domain, unlike others in the spinal cord, gives rise to two intermingled but molecularly distinct classes, termed V2a and V2b interneurons. Foxn4 and Ascl1 are critical for establishing V2a and V2b cell fate (Del Barrio et al., 2007; Kimura et al., 2008; Li et al., 2005; Peng et al., 2007) . In V2 progenitors, Foxn4 induces expression of Ascl1 and the Notch ligand Dll4, which in turn activates Notch signaling in adjacent progenitors. Active Notch signaling in progenitors undergoing a final cell division leads to the generation of V2b interneurons, whereas an absence of Notch signaling in progenitors results in differentiation into V2a interneurons (Del Barrio et al., 2007; Kimura et al., 2008; Li et al., 2005; Peng et al., 2007) . A similar mechanism involving Notch signaling has been implicated in the generation of dIL A and dIL B interneurons in the dorsal spinal cord (Mizuguchi et al., 2006; Wildner et al., 2006) .
Generating diversity: postmitotic transcription factors in interneuron differentiation
Neurons upon exiting the cell cycle migrate into the mantle zone. During this transition, their transcription factor profile changes and they begin to express factors exclusive to postmitotic neurons. These changes in gene expression mark the acquisition of cell type-specific properties such as cell 23 body position in the cord, neurotransmitter phenotype, axonal projection pattern, and synaptic target selection. Many V0 interneurons are commissural neurons of mixed neurotransmitter phenotypes that extend axons rostrally in the embryonic cord Pierani et al., 2001) . The postmitotic transcription factor Evx1 is specific to V0 V neurons that are predominantly glutamatergic but is not expressed in dorsally derived GABA/glycinergic V0 D interneurons (G. Lanuza and M. Goulding, unpublished) . In Evx1 mutants, a large fraction of V0 V interneurons acquire the fate of V1 interneurons and extend axons into the ventrolateral funiculus instead of across the ventral midline. Consequently, Evx1 functions as a postmitotic determinant of V0 V interneuron identity (Lanuza et al., 2004; Moran-Rivard et al., 2001 ). Other postmitotic neuron populations are also known to diverge into smaller subpopulations of neurons. This diversification probably represents the essential developmental and evolutionary changes needed to meet the increased requirements higher vertebrates have with respect to complex locomotor movements and respiration.
The further specialization that occurs within these generic populations of interneurons is perhaps best exemplified by the V1 interneuron class. V1 interneurons are marked by their transient expression of the HD protein En1, although En1 has no discernable impact on V1 generic identity or diversification (Sapir et al., 2004; Saueressig et al., 1999) . Recently, it has been shown that En1 expressing V1 cells differentiate into Renshaw cells and Ia inhibitory interneurons (Alvarez et al., 2005; Sapir et al., 2004) . Renshaw cells receive strong excitatory innervation from motoneuron axon collaterals and in turn inhibit motoneurons, as well as Ia inhibitory interneurons, via synapses that use both glycine and GABA. Remarkably, Renshaw cells and Ia inhibitory interneurons represent less than 25% of all V1-derived cells, demonstrating that there are additional uncharacterized V1-derived cell types. Current efforts to molecularly map these V1 subpopulations have relied on a combination of expression screens and candidate gene approaches. We have used genetic marking of En1 expressing V1 interneurons to purify these cells from E12.5 spinal cords. Microarray analysis of mRNA isolated from these cells has led to the identification of a number of genes that are enriched in this population (T. Hendricks and M. Goulding, unpublished) . Many of them appear to be expressed in subsets of V1 interneurons and may therefore subdivide the V1 population into functional units (Table 1) .
Several transcription factors exhibit more selective patterns of expression. Pitx2, for example, is differentially expressed by a small subpopulation of ipsilaterally projecting V0 interneurons (V0 C interneurons) that form cholinergic synaptic connections on motoneurons (Zagoraiou et al., 2009 ). In V1 interneurons, MafB is selectively expressed in Renshaw cells but is absent from other V1 cells (T. Hendricks, F. Stam, M. Goulding, unpublished) . Glutamatergic V2a and GABA/glycinergic V2b interneuron populations are marked by their differential expression of Chx10 and Gata2/3, respectively (Al-Mosawie et al., 2007; Lundfald et al., 2007) . Chx10 and Gata2/3 appear not to govern the neurotransmitter identity or axonal morphology of the V2a and V2b interneurons; however, inactivation of Gata2 in mice suggests this transcription factor has a role in maintaining postmitotic V2 cell identity (Zhou et al., 2000) . V3 interneurons that express the PAS-bHLH factor Sim1 can be subdivided into dorsal and ventral populations (Zhang et al., 2008) . However, none of Goulding, unpublished) . Although efforts to map the genetic pathways that establish interneuron diversity in the developing spinal cord are still in their infancy, they are likely to provide a clearer picture of the interneuronal composition of the spinal motor circuitry. This will in turn facilitate further anatomical, physiological, and functional studies of specialized interneuron cell types so as to determine their contributions to motor control.
Genetically defined interneuronal populations that shape the locomotor rhythm
The identification of genetic markers for different spinal interneuronal populations has laid the foundation for functional studies aimed at assessing the contribution that genetically defined cell types make to the CPG networks controlling locomotor or respiratory rhythmogenesis (Chapter 3 in this book). These efforts have been centered on broad interneuron classes including the V0, V1, V2a, and V3 interneurons (Stepien and Arber, 2008) ; however, attention is now turning to subtypes within these larger populations, such as the V0 C interneurons (Zagoraiou et al., 2009) . In characterizing and determining the function of genetically defined interneuron populations in the spinal cord, the following themes have emerged.
Modular nature of the mammalian locomotor CPG
Interneurons that make up each of the early generic populations in the embryonic cord typically share a number of common characteristics, for example, morphology of the primary axonal process or neurotransmitter phenotype. Moreover, this subdivision of embryonic interneurons into discrete anatomical groupings has led to the suggestion that the spinal motor circuitry comprises functional modules that are made up of genetically defined populations of interneurons. This proposition has been confirmed by genetic studies in mice showing that particular interneuron cell types control discrete aspects of the locomotor output. Loss-of-function manipulations that target a particular interneuron population modify specific aspects of the locomotor rhythm and pattern, and leave others unchanged. Some interneuron cell types regulate left-right alternation, while others determine the speed of stepping movements or control the balance between motor outputs on the left and right sides of the cord.
In Dbx1 null mutants, where the V0 population is markedly depleted (Lanuza et al., 2004; Pierani et al., 2001) , intermittent episodes of left-right synchronous activity are seen in the locomoting cord (Fig. 2c ). This deficit is selective, with ipsilateral flexor-extensor alternating activity being maintained and no major changes occurring in the step cycle period. In addition to identifying a neuronal population that is required for proper left-right coordination during locomotion, this study provided evidence that the locomotor CPG has a modular composition with respect to functional control by genetically defined populations of interneurons. More recently, deletion experiments targeting V2a excitatory neurons have revealed an interesting twist to the story, by identifying V2a interneurons as an ipsilateral component of the commissural pathways that secure left-right alternation (Crone et al., 2008; Figs. 1c and 2c) . Once again the effects of deleting the V2a interneurons are primarily restricted to left-right stepping behaviors. Moreover, left-right coordination is only altered when mice lacking V2a interneurons step quickly or trot, which suggests that the V2a interneurons are primarily active at higher stepping speeds (Crone et al., 2009) . The observation that V2a ipsilateral neurons project onto V0 commissural interneurons confirms that the V2a cells are part of the CPG 25 module that controls left-right coordination. They most likely provide rhythmic excitatory drive to commissural inhibitory neurons that generate reciprocating left-right flexor and left-right extensor activity.
When a second population of excitatory interneurons, the commissural Sim1 þ V3 interneurons, were targeted, near-normal patterns of left-right and flexor-extensor alternation were retained, even though there was a marked reduction in the coherency of the locomotor rhythm. Cords in which Sim1 þ V3 interneurons were silenced did, however, exhibit a pronounced imbalance in the duration of motor bursts on each side of the cord. This typically involved bursts from one L2 ventral root being prolonged, while those in the other root were truncated (Zhang et al., 2008 and Fig. 2c ). V3 excitatory pathways are therefore predisposed to balancing the locomotor output between both sides of the cord, as opposed to establishing alternating patterns of left-right or flexor-extensor motor activity. Further evidence for the modular organization of the locomotor CPG network has come from experiments analyzing the role of the V1 class of interneurons. When V1 interneurons are depleted in the embryonic spinal cord, marked changes occur in the speed of locomotor rhythm (Gosgnach et al., 2006; Fig. 2) . In these mice, left-right stepping and flexor-extensor reciprocation is normal, suggesting the primary role of these cells in the walking CPG is to regulate burst termination and initiation during each step cycle. 
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Functional redundancy and complexity in the locomotor CPG Experiments demonstrating that the deletion of V0 interneurons produces only partial deficits in left-right coordination reveal a degree of redundancy in the commissural pathways that secure left-right alternation. While it seems likely that additional interneuron cell types help coordinating left-right alternation, their identity is not known. The recent demonstration that Netrin-1 mutant cords display a switch from alternating left-right to synchronous left-right locomotor activity supports the idea that multiple commissural interneurons control left-right stepping (Rabe et al., 2009 ). Moreover, Rabe et al. (2009) also noted that the axons of glutamatergic V3 commissural neurons still cross the ventral midline when netrin-1 is absent, demonstrating that this excitatory commissural pathway cannot secure left-right alternation. We also know that when V3 interneurons are inactivated, left-right alternation is not compromised (Zhang et al., 2008) , arguing the contribution this pathway makes to left-right stepping is at best minor. The observation that misspecification of a second class of putative excitatory commissural neurons, the Evx1 þ V0 V cells, also leaves left-right stepping behaviors intact Lanuza et al., 2004 ) leads us to believe that excitatory commissural pathways in the cord do not have essential roles in controlling left-right alternation. In support of this idea, when V3 transmission is abrogated in the Dbx1 À/À mutant cord, we saw no further degradation of left-right alternation over and above that previously described for the Dbx1 À/À spinal cord (Lanuza et al., 2004; Y. Zhang and M. Goulding, unpublished) .
A second example of potential redundancy in the interneuron pathways that control the locomotor output has emerged from efforts to understand how the locomotor CPG produces an alternating pattern of flexor-extensor activity. Multiple manipulations that abrogate ipsilateral inhibitory V1 interneurons function leave flexor-extensor coordination intact in the isolated CPG or in adult mice (Gosgnach et al., 2006) . This was somewhat surprising in so far as an earlier anatomical study had shown that V1 interneurons give rise to cells with the features of Ia disynaptic inhibitory interneurons, a key component of the reciprocal inhibition in the stretch reflex involving flexor-extensor alternation (Alvarez et al., 2005) . Experiments undertaken in the lab of Eric Frank examined the integrity of disynaptic inhibitory pathways in the spinal cord of mice lacking V1 interneurons. These analyses revealed that the disynaptic inhibitory pathway between quadriceps sensory afferents and posterior biceps and semitendinosus motor neurons is still operational in Pax6 mutant animals (Wang et al., 2008) and in mice that lack V1 neurotransmission (Z. Wang, J. Zhang, M. Goulding, and E. Frank, unpublished). It now seems that an additional population of inhibitory interneurons act in concert with the V1 population to control this aspect of the motor output (J. Zhang, G. Lanuza, and M. Goulding, unpublished) .
With the discovery of additional interneuron markers such as those described in Table 1 , it is now becoming apparent that the interneuron composition of the spinal cord is quite complex. As noted previously, three-quarters of the V1 interneurons remain unidentified (Alvarez et al., 2005; Sapir et al., 2004) , and even less is known about the identity and function of cell types that arise from other embryonic interneuron classes. Using functional criteria to classify spinal interneurons may be problematic, given the likelihood that several interneuron cell types may together regulate a particular motor behavior. Consequently, the loss of one cell population may not lead to pronounced behavioral deficits, especially when one is assaying rudimentary motor patterns such as those produced in the isolated spinal cord or in hindbrain slices. This is borne out by experiments that demonstrate the slowing of the locomotor rhythm caused by V1 depletion is not reproduced when Renshaw cells alone are 27 silenced (Myers et al., 2005) . As such, the complex organization of spinal motor circuitry in higher vertebrates may prove problematic for future functional studies due to redundancy and compensation by other spinal interneuron populations that have similar or overlapping functions.
Comparison with respiratory CPGs
Many of the embryonic interneuron populations that are present in the spinal cord form longitudinal columns that extend into the hindbrain where they contribute to other motor networks including those controlling respiration. Furthermore, many interneuron cell types that are known to control locomotion appear to have essential roles in respiration, as inactivating them often results in perinatal lethality. For example, inhibitory cell types that are derived from the V1 and V2b interneuron populations also have essential roles in establishing a normal respiratory rhythm (J. M. Zhang, J. Ramirez, M. Goulding, J. Feldman, unpublished). In Lbx1 mutant mice, the altered organization of some hindbrain excitatory nuclei results in an immature respiratory rhythm at birth (Pagliardini et al., 2008) . Among these Lbx1-expressing cells are Tlx3 þ glutamatergic neurons that are important for respiration (Cheng et al., 2004) . Together, these studies give heft to the argument that the respiratory and locomotor CPGs are formed from equivalent neuronal substrates in the hindbrain and spinal cord, respectively. It also highlights the potential insights that can be gained by comparative functional studies between the locomotor and respiratory CPGs with respect to the cellular organization of motor networks in the CNS. Other groups have taken the approach of probing these circuits using genes that are expressed either in the hindbrain rhombomeres from which these CPGs develop or in populations of putative respiratory interneurons (Abbott et al., 2009; Dubreuil et al., 2009; Gray et al., 2001; McKay and Feldman, 2008; Tan et al., 2008; Thoby-Brisson et al., 2009) . For example, studies analyzing Phox2b mutant mice have revealed a key role for parafacial/retrotrapezoid nucleus in chemosensitivity (Dubreuil et al., 2009) . Future experiments to genetically dissect these respiratory circuits are likely to use combinatorial methodologies to selectively target particular interneuron populations within a single rhombomere or region of the medulla, some of which are described in the next section.
New genetic approaches for studying motor circuits in the spinal cord
The elaboration of a genetic classification scheme for the interneuron cell types involved in spinal motor control has opened up new routes for manipulating the spinal motor system and determining how specific motor behaviors are generated. The approaches used so far involve deleting or inactivating broad interneuron classes and assessing how this affects network activity (Table 2 ). This is usually achieved by generating transgenic animals in which a recombination event such as Cre-mediated excision is used to express an effector molecule in a particular group of neurons (Fig. 3) . Class-specific promoters in combination with site-specific recombinases allow ablating, silencing, or activating a population. Most of what we know about the function of genetically-defined spinal interneuron classes comes from in vitro analysis using the isolated spinal cord preparation, in which fictive locomotor activity is determined by extracellular ventral root recordings (Crone et al., 2008; Gosgnach et al., 2006; Lanuza et al., 2004; Zhang et al., 2008) . While such studies have provided a broad functional overview of the cellular makeup of the spinal locomotor CPG, the finer aspects of motor control have been largely ignored due to the limitations of these approaches. Nonetheless an arsenal of second-generation tools is being assembled that builds on the lessons learnt from these cruder studies.
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Defective cell generation or cell ablation
One of the routes that has been successfully used to analyze motor circuits in the hindbrain and spinal cord makes use of mouse mutants in which transcription factors or signaling molecules that specify neuronal identity and connectivity during development are inactivated (Fig. 1) . Although these factors are required for the generation of distinct populations of spinal interneurons, they are often expressed elsewhere in the developing mouse, which usually leads to perinatal lethality Local excitation possible Allows analysis of shortterm effects DTA, Diphtheria Toxin A subunit; DTR, Diphtheria Toxin Receptor; TeNT, Tetanus toxin light chain; AlstR, Allatostatin Receptor; Alst, Allatostatin; ChR2, Channelrhodopsin 2; BBB, blood-brain barrier; GIRK, G-protein-coupled inwardly rectifying potassium; VAMP-2, vesicle-associatedmembrane protein 2 (synaptobrevin2). a, Lanuza et al., 2004; b, Gosgnach et al., 2006; c, Pagliardini et al., 2008; d, Rose et al., 2009; e, Dubreuil et al., 2009; f, Wallen-Mackenzie et al., 2006; g, Crone et al., 2008; h, Zhang et al., 2008; i, Hagglund et al., 2010. 29 when these genes are inactivated. As locomotorlike and respiratory activity can be recorded in neonate mice using the isolated hindbrain-spinal cord preparation, such mutant animals have proved useful for studying these behaviors (Gosgnach et al., 2006; Lanuza et al., 2004; Myers et al., 2005) . An additional issue is the broad expression of many factors within the spinal cord or hindbrain, as removing these factors typically affects large neuronal populations or results in complex cell fate changes that make interpretation of any observed motor deficit difficult. While approaches that selectively ablate a population may avoid some of the complex cell fate changes associated with inactivating developmental control genes, in many instances the effects can still be quite widespread. Expression of the diphtheria toxin A protein (DTA) in molecularly defined cells has been used to selectively eliminate entire classes of interneurons. Examples come from V1 and V2a interneurons, which were successfully ablated using the Rosa-stop-DTA ablator allele and a Chx10-stop-DTA allele, respectively (Crone et al., 2008; Gosgnach et al., 2006) . However, use of this strategy is limited as molecular markers of spinal interneurons are often also expressed in non-neuronal tissues, which causes additional phenotypes in mice genetically modified to kill one population. For this reason, cell ablation approaches are often not possible due to collateral tissue damage that results in embryonic lethality. Examples of this are the V1 and V3 interneuron-specific factors En1 and Sim1 that are expressed in muscle cells or the V2b marker Gata3, which is expressed in the placenta and in endothelial cells (Chen and Johnson, 2002; Coumailleau and Duprez, 2009; Ng et al., 1994) . Using a neuronal driver such as Eno2-Stop-DTA allele restricts ablation to neurons, thereby avoiding the effects in nonneural tissue (Kobayakawa et al., 2007) .
Manipulating cell activity
A different approach to assessing neuronal function involves silencing or blocking neurotransmission in selected neurons and analyzing the effects on particular behaviors. Synaptic transmission can 30 be abolished in a particular spinal cell class by expression of the light chain of the tetanus toxin (TeNT; Yamamoto et al., 2003; Zhang et al., 2008) . TeNT prevents neurotransmitter release at the synapse, thereby blocking the activation or inhibition of postsynaptic target neurons. This approach has the advantage that the genetically targeted cells are still present. However, expression of TeNT is difficult to assess functionally. While VAMP2 expression can be used as a read out of TeNT activity, electrophysiological studies provide the most compelling validation of TeNT activity. For example, experiments recently undertaken in the cerebellum revealed that TeNT expression in cerebellar granule cells disrupts synaptic transmission to Purkinje cells (Kim et al., 2009) . A different strategy for acute silencing involves expressing the insect allatostatin G-coupled protein receptor, AlstR (Gosgnach et al., 2006; Zhang et al., 2008) . Upon allatostatin ligand binding, this receptor activates inwardly rectifying K þ channels (GIRK channels) leading to transient hyperpolarization and decreased excitability of the neurons in which it is expressed (Lechner et al., 2002; Tan et al., 2008) . Neuronal signaling can also be altered by inactivating critical components of the neurotransmission machinery. This approach was successfully used by Zagoraiou et al. (2009) since they specifically knockout choline acetyltransferase (ChAT) in Pitx2 þ V0 C cells thus preventing synaptic transmission from this particular neuronal population (Zagoraiou et al., 2009) . Finally, genetic systems that can be used to stimulate or increase the excitability of defined neurons are being developed in mice, and in zebrafish (Armbruster et al., 2007; Wyart et al., 2009) . Neurons can be remotely activated by the expression of channelrhodopsin 2 protein (ChR2), a microbial light sensitive monovalent cation channel that allows entrance of Na þ ions in the cell following exposition to blue light (Luo et al., 2008; Nagel et al., 2003) . Thus, illumination of ChR2 expressing neurons leads to their depolarization and activation (Boyden et al., 2005) . ChR2 expression was recently targeted to VGlut2 neurons in the hindbrain and the spinal cord and illumination of each region was seen to induce and maintain locomotor-likeactivity in the spinal preparation. This finding confirms that glutamatergic neurons have a key role in elaborating the locomotor rhythm (Hagglund et al., 2010) . Approaches using "designer" muscarinic GPCR receptors that can be exclusively activated by synthetic ligands provide additional avenues for selectively stimulating particular interneuron cell types (Armbruster et al., 2007) .
Case history: genetic manipulations involving V1 interneurons
Many of the aforementioned techniques for genetically manipulating neurons have now been trialed, each of which has advantages and disadvantages. However, by judiciously tailoring the approach used, one can undertake elegant manipulations of these spinal motor networks. Loss of cells is readily quantifiable, whereas silencing activity requires electrophysiological techniques to confirm reduced activity in the targeted neurons. In the Goulding lab, several genetic approaches have been used to remove the V1 class from the spinal circuits. These include developmental deficits in V1 specification (Pax6 À/À ), V1-specific cell ablation (En1-DTA), or blocking transmission/silencing (En1-TeNT and En1-AlstR, respectively). All four methods cause a strong slowing of the locomotor-like rhythm while preserving other aspects of the motor output: rhythmogenesis, left-right and flexor-extensor alternation (Fig. 2c) . The phenotypes of the Pax6 mutant and En1-DTA mice are very similar, whereas En1-TeNT mice produce a comparatively slower motor rhythm. While cell "silencing" with AlstR produces a slow rhythm when compared to wild-type animals, the rhythm is significantly faster than that observed in En1-TeNT cords. This, in all likelihood, represents partial silencing/inactivation of the V1 31 population. The rhythm in the En1-AlstR cords also returns to its normal frequency approximately 15 min after exposure to allatostatin, which probably reflects desensitization of the GIRK channels following prolonged exposure to allatostatin.
Studies in adult behaving mice
Functional analysis in vitro using the isolated spinal cord preparation usually only allows identification of gross defects in motor activity. Analyzing complex motor behaviors at adult stages in genetically manipulated mice is often not possible because of neonatal lethality and deficits in more anterior regions of the CNS or in nonneuronal structures. The transcription factor Lbx1 for instance, which is important for specifying dorsal neural fate including the dI6 interneurons, is expressed in the diaphragm (Gross et al., 2000; Storm et al., 2009 ) and hindbrain, where it is involved in respiratory rhythmogenesis (Pagliardini et al., 2008) . In some instances, genetic approaches have been applied to adult animals. Silencing the V3 cells in adult mice by using the AlstR system results in defects in walking (Zhang et al., 2008) . Similar to the findings from in vitro experiments, the conditional silencing of these commissural interneurons in adult mice produced less stable and robust locomotor cycles during walking, thus validating the fictive locomotion analysis performed in the neonatal spinal cord.
Studying locomotor behaviors in adult mice can also be used to refine observations that have been made using the isolated spinal cord preparation. In vitro studies of V2a interneurons in the neonatal cord (Crone et al., 2008) were extended by adult kinematic analyses showing that V2a interneurons are needed for left-right stepping at faster gait speeds (Crone et al., 2009 ). Acute silencing of lumbar level V3 interneurons was used to confirm the altered rhythm that occurs in vitro following TeNT blockade of V3 transmission (Zhang et al., 2008) . Finer aspects of motor control have also been tested in behaving mice. For example, analysis of the V0 C population in adult mice unraveled the specific function of these neurons during particular locomotor behavior. EMG recordings from gastrocnemius and tibialis anterior muscles, respectively ankle extensor and flexor, during walking and swimming tasks revealed that in the absence of V0 C neuron activity, the task-dependent modulation of the gastrocnemius muscle was impaired (Zagoraiou et al., 2009) . In vitro approaches would not have revealed these kinds of modulatory functions, particularly with respect to small neuronal populations.
Looking forward
A next and crucial step for understanding the functional contribution these spinal interneuron classes make to motor control involves acutely eliminating each of them locally from spinal networks in the adult. It is yet not clear whether there are developmental compensatory changes that occur in spinal neuronal networks when a particular neuronal component is removed from the circuit as it is being wired. Loss of cells, especially as circuits are forming, may result in network rearrangements that compensate for the absence of these cells. In particular, little is known about the consequences on growing axons seeking out for synaptic partners when their target cells are absent. Inducing cell ablation after the circuits have wired and fully matured may therefore be critical. An elegant approach is to render mouse cells susceptible to the diphtheria toxin by specific expression of a simian or human diphtheria toxin receptor (DTR). Selective cell death can then be achieved by injecting the diphtheria toxin intraperitoneally at desired time points. Functional compensation has been reported in the circuits controlling feeding and nociception using this strategy (Cavanaugh et al., 2009; Luquet et al., 2005) . 32 Most molecular markers of interneurons being also expressed in supraspinal neurons or other tissue types, new strategies need to be implemented where genetic targeting is restricted to neuronal classes only in the spinal cord. This would reveal the exclusive role these subpopulations have in shaping motor output during walking, without affecting the functionality of other tissues/organs, or regions of the nervous system. For this purpose, approaches using intersecting combinations of expressed genes are promising. This has successfully been done using Cre driver lines in combination with Flp driver lines (Awatramani et al., 2003) . Several dual recombinase-response alleles have now been generated that enable cell labeling or silencing (Farago et al., 2006; Jensen et al., 2008; Kim et al., 2009; Yamamoto et al., 2009 ). This strategy could allow dissecting the roles of genetically defined cells present in multiple regions in the rostrocaudal axis. For instance, silencing of all neurons of the Atoh1 lineage, including granule cells in the cerebellum and the dI1 class of spinal cells, results in a robust motor coordination defect in behaving mutant mice (Kim et al., 2009) . Generating Flp lines specific to either the cerebellum or the spinal cord would allow one to test the contribution each region makes to motor control. The intersectional strategy also represents an attractive method for subdividing the current broad neuronal classes into smaller subsets. Within the V1 interneuron class defined by expression of En1, only the Renshaw cells coexpress the Ca 2þ binding protein calbindin (Carr et al., 1998; Sapir et al., 2004) . Using these two genes in a combinatorial manner to target this subset of V1 interneurons would thus allow to functionally testing the role of this subpopulation. Double recombinase approaches could also be helpful to unravel the functional contribution of specific cell types related to respiration. Patterning programs in the hindbrain specify interneurons that integrate different functional circuitry according to their antero-posterior localization. Manipulating one interneuronal population in specific rhombomeres would allow one to unravel the roles different classes of hindbrain interneurons play in respiratory rhythmogenesis. Together with inducible systems for activation and silencing of neurons, the dual recombinase approach represents an elegant way to study specific neuronal populations in adult mice. Nevertheless, in addition to generating novel genetic tools for studying locomotion, more effort needs to be invested in developing robust and precise behavioral tests that are able to detect the subtle locomotor phenotypes when smaller groups of cells are inactivated in adult mice.
Conclusion
The delineation of the transcriptional code for neuronal cell populations in the ventral spinal cord and the emergence of several genetic approaches to manipulate cells of interest have paved the way for genetically and functionally dissecting the neural circuits controlling locomotion. The embryonic building blocks that make up these motor circuits are shared between the networks controlling respiration and locomotion. Thus, understanding how neuronal cell populations that comprise the hindlimb locomotor CPG are organized should provide important insights into how other CPGs function. It is also hoped that efforts to understand motor behaviors such as locomotion and respiration will provide some of the keys for unlocking more complex neuronal networks.
The studies described in this chapter highlight some of the fundamental findings that have shaped our understanding of how interneurons in the ventral spinal cord form neuronal circuits that elaborate coordinated rhythmic motor outputs. However, there is a high degree of complexity in the composition of these circuits, with recent studies revealing the existence of specialized subpopulations within the generic populations of interneurons that emerge from the ventral spinal cord. Although, significant progress has been made in understanding the coarse function of large cell 33 groups in controlling particular aspects of locomotor rhythm and pattern generation, many more investigations are waiting to be undertaken which elucidate the role of smaller subpopulations in fine-tuning and shaping locomotor output. Such efforts will depend heavily on the identification of specialized neuronal cell types and the development of new methodologies to genetically target and manipulate them. 
